AD  No. AD  A 0 5 6 1 1 3 

DDC  FILE  COPY 


Report  No.  FAA  - RD  ■ 78-50 


ANTIMISTING  FUEL  SPILLAGE/AIR 
SHEAR  TESTS  AT  NAVAL  WEAPONS  CENTER 

A.  San  Miguel 
M.  D.  Williams 


MARCH  1978 
FINAL  REPORT 


ORIGINAL  CONTAINS  COLON  PLATES:  ALL  PnC  ^ 
REPRODUCTIONS  v/ILL  CL  i,‘i  ■'  ' ’ - . NO  Vv  E 

Document-  is  available  to  the  U.S.  public  through 
the  National  Technical  Information  Service, 
Springfield,  Virginia  22161 


Prepared  for 


U.S.  DEPARTMENT  OF  TRANSPORTATION 

FEDERAL  AVIATION  ADMINISTRATION 
Systems  Research  & Development  Service 

Washingtqjf^.  3^0^  q y 


03  2 


NOTICE 


This  document  is  disseminated  under  the  sponsorship  of  the 
Department  of  Transportation  in  the  interest  of  information 
exchange,  ihe  United  States  Government  assumes  no  liabilit 
for  its  contents  or  use  thereof. 


Report  No. 


2.  Government  Accemon  No. 


' FA  a/r  pf-h  8/50  J / 


, 4.  !»♦*»  Jnkm+»- 


I ' Antimisting  Fuel  Spillage/Air  Shear  Tests  At 
■"■j  Naval  Weapons  Center* 


(/  Anthon^^an  Miguel  eod  Marion  D,  yAvilliams 

Naval  Weapons  Center 

Range  Department 

China  Lake,  California  93555 

12.  Sponsoring  Agency  Nome  ond  Address 

U.  S.  Department  of  Transportation 
Federal  Aviation  Administration 
Systems  Research  and  Development  Service 
Washington,  D.  C.  20591 

15.  Supplementary  Notes 


TacRnical  Report  Documentation  Pope 

3.  Recipient',  Catalog  No. 


;//  /Marcfcat978  ) 

6 ^ er  form  ingO^am  « oti  or\ 

.fcllMd. 

_ 8.  Performing  Organnation  KepOP^'ftcJ’" 


10  Work  Unit  No  (TRAJS) 

181-520 


' ~ TyjfS'ol  Report  ond  Per7o3*C5?er^ed 

Final  T < f>  1 • 

SeptomWi1  75-December  77_ 

1*.  Sjfonterrng^xi  oney  ’toT.'  ' ' 

ARD-520 


16,  Abstract 

A test  apparatus  consisting  of  a large-scale  airfoil  located  within  a temperature- 
velocity-controlled  airstream  was  used  to  evaluate  the  fire  suppression  afforded 
by  FM9  antimisting  fuel  additive  in  Jet  A.  A homogeneous  low  turbulence  air- 
stream  between  100  and  170  knots  was  used  to  obtain  crash-survivable  anti- 
misting fuel  kinematic  data.  It  was  demonstrated  that  FM9  could  be  an  effective 
antimisting  agent.  The  failure  envelope  for  FM9  in  27ftC  Jet  A fuel  was 
measured  for  agent  concentrations  from  0.  3 to  0.  5 percent  and  320C  airflow 
velocities  between  100  and  170  knots. 

\ r , d d c 

1||  JVJL  1 t 1978  ; 

F 


17.  Key  Word* 

18.  Distribution  Stotement 

Aircraft  Fires 

Document  is  available  to  the  public 

Modified  Fuels 

through  the  National  Information 

Fire  Prevention 

Antimisting  Kerosene 

service,  Springfield,  Virginia  22151 

19.  Security  Clattrf.  (of  th»$  report) 

Unclassified 


Form  DOT  F 1700.7  (8-72) 


Reproduction  of  completed  pop*  oufnorited 


METRIC  CONVERSION  FACTORS 


PREFACE 


Tlie  goal  to  develop  a “fire  safe”  fuel  for  a survivable  aircraft  crash  landing  is  difficult  to  attain  in  an 
absolute  sense  since  commercial  fuels,  once  ignited,  readily  burn.  The  problem  is  to  alter  the  kinematic 
physical  properties  of  a fuel  in  such  a manner  so  as  not  to  affect  its  commercial  value.  This  report  presents 
test  results  of  Jet  A fuel  incorporating  FM-9  polymer  antimisting  agent.  A wing  test  apparatus  is  described 
which  utilizes  a fuel  expulsive  airfoil  in  an  airstream  to  simulate  a full-scale  survivable  crash.  Results  from 
three  series  of  tests  are  presented. 

The  cooperation  and  assistance  of  a number  of  people  and  organizations  were  invaluable.  Drs.  R.  F.  Landel 
and  S.  T.  J.  Peng  of  the  Jet  Propulsion  Laboratory  provided  helpful  discussions  on  rheology  measurements. 
Dr.  R.  Mannheimer  of  Southwest  Research  Institute  and  Mr.  A.  Woodman  of  the  Naval  Weapons  Center 
(NWC)  contributed  laboratory  measurements,  Mr.  H.  Brooks  of  Imperial  Chemical  Industries  assisted  with 
1 antimisting  agent  preparation,  and  Mr.  T.  Horeff  and  Mr.  John  Van  Dyke  of  the  Federal  Aviation  Adminis- 

tration gave  guidance  in  identifying  the  pertinent  problem  areas  addressed  in  this  study.  The  Civil  Aviation 
Authority,  Royal  Aircraft  Establishment  and  Imperial  Chemical  Industries  of  the  United  Kingdom  not  only 
supplied  the  FM-9  additive,  but  also  provided  for  its  shipment  to  this  country.  The  U.  S.  Army  Mobility 
Equipment  Research  and  Development  Command,  Fort  Belvoir,  Virginia,  through  an  inter-agency  agree- 
ment with  the  FAA,  engaged  Southwest  Research  Institute  to  make  rheological  measurements  and  analyses 
at  the  test  site  and  in  their  laboratories. 
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INTRODUCTION 


PURPOSE 

The  purpose  of  this  study  was  to  estal'lisli  the  kinematic  tlame  propagation  response  of  antimisting  fuels 
when  released  in  airflow  conditions  leptesentative  of  impact -survivable  aiiciatt  clashes 


BACKGROUND 

Studies  and  tests  aimed  at  development  of  a salei  fuel  have  alwavs  been  of  inteiest  to  the  Fedeial  Avia 
tion  Administration  (Reference  (111  (Ine  lecent  outgrowth  of  such  work  is  the  development  of  polvmei 
“thickening"  fuel  additives  to  suppress  the  misting  ptopeiiv  ot  .let  A luel  The  piactical  objective  stated 
in  Reference  ('1  to  be  met  by  such  antimisting  agents  during  a survivable  ciasli  is  to  eliminate  the  mist 
of  fuels  under  dynamic  conditions  and  dectease  the  probability  of  ignition 

Candidate  antimisting  materials  were  evaluated  in  full-scale  crash  tests  (Reteience  (oil  utilizing  Navy 
Ad  and  Aii  force  RRoo  aircraft  These  tests  were  performed  during  W'-'d  at  the  Naval  An  Test 
Facility,  Lakehurst,  New  Jeisev  One  obiective  of  these  tests  was  to  detei mine  how  representative  an 
gun  and  catapult  tests  with  antimisting  fuels  vveie  of  actual  crashes  It  was  concluded  (Reteience  ('ll 
that  such  tests  weie  not  representative  of  full-scale  crash  conditions 

A new  potentially  scalable  fuel  spillage  test  was  developed  at  the  National  Aviation  Facilities 
experimental  (.'enter  (NAFFO.  A prototype  test  apparatus  was  constructed  at  NAFFC  and  sent  to 
the  Naval  Weapons  Center  (NWC1  where  further  development  and  testing  was  undertaken 


OBJECTIVE 

Hie  objective  of  this  study  was  to  conduct  aircraft  crash  suivivable  fuel  spillage  ait  slieai  tests  with  anti 
misting  fuels  to  establish  the  interielationships  between  fire  and  variables  such  as  additive  concentration, 
fuel  temperature,  and  airflow  velocity. 


SIATE-OF-THE-ARE  REVIEW 

-\  review  of  the  antimist  fuel  liteiature  and  other  related  activity  was  presented  lecentlv  (Reference  (411 
This  excellent  review  summarized  the  then-current  woik  being  conducted  bv  the  C.S  Auny,  An  Fotce, 
Navy,  FAA.  and  the  U.K.  Roval  Aircraft  Establishment.  Obsei  vat  ions  made  m this  leview,  which  aie 
directly  pertinent  to  the  subject  matfet  in  this  report,  ate  as  follows 

I Antimist  agents  aie  effective  to  prevent  the  formation  of  flammable  mist  of  low  volatilitv 
fuels  (Jl*-5.  Jet  A.  JT  S1  under  many  conditions  of  high  sheai  exposure.  Howevei,  dlffetent 


¥ 


concentrations  in  the  tuel.  tanging  from  about  0.1  to  0 M,  ate  requited  tot  the  various  agents 
to  attain  equivalent  antimist  etlfctivcness. 

2.  Antumst  etteetiveuess  is  K'wcrcd  t>\  shcai  tocce  action  (vaiifs  amon^  agents) 
t n>e  precise  physical  mechanism  bs  which  the  polymeric  anttmisi  agents  exert  their  influence 
on  misting  phenomena  ate  subject  to  some  conjecture. 

Laboratory  tests  have  not  yet  been  shown  to  be  representative  ot  lull-scale  crash  conditions  Hie 
problem  is  that  previous  lull  scale  crash  tests  have  not  been  designed  to  obtain  significant  quantitative 
data  such  as  local  panicle  velocities,  droplet  shear  deformations,  etc.  lire  large  scale  tests  have  usualls 
been  of  the  fire-no  fire  vatterv  laboratory  tests  on  the  other  hand  ate  designed  to  measure,  within 
traditional  ranges,  paiameters  such  as  deformation  fields  that  probably  ate  not  representative  of  those 
actually  occurring  in  full-scale  tests.  It  is  evident,  then,  that  a requirement  exists  to  measure  ihe 
significant  phenomena  occurring  in  a lull -scale  test  so  that  small-scale  laboratory  apparatus  can  be 
designed  in  the  tatrge  ot  interest 


AIRFLOW  l- AO  LI  IV  l’EST  APPARATUS 


Ait  temperature  significantly  affects  the  ignition  and  sustenance  of  tuel  fire  and  theretore  an  airflow 
facility  must  he  capable  of  controlling  ait  temperatures  A reasonable  dynamic  range  would  In- 
between  -’O'Y  and  the  minimum  flash  point  temperature  ot  Jet  A (JS  O Ihe  1 -range  air  aug 
mentation  facility  at  NWt  is  capable  of  controlling  ait  temperatures  in  this  range  in  conjunction  with 
fire  testing  of  full  scale  aircraft  components 

The  basic  facility  at  l -range  was  constructed  in  WJ  and  consists  ot  several  air  stoiage  tanks, 
compressors  to  charge  these  tanks,  and  a heater  to  regulate  airflow  temperature  Data  acquisition  is 
similar  to.  and  compatible  with,  any  lulls  instrumented  tacrhtv 


l range  was  originally  designed  to  test  air-breathing  propulsion  units  tot  tactical  sized  missiles.  Air 
can  he  delivered  at  flow  rates  between  5 and  ‘fit  kgm  sec.  temperatures  between  -20  and  : 500*0. 
and  pressures  from  0 to  55  kgmVttr  Ihe  existing  'tot ace  capability  \s  equivalent  to  a >0  kgm  sec 
flow  for  i minutes  Hardware  data  acquisition  .ape’-thts  includes  <h  stiain  gauges.  I- 
acceleiometers/pressure  transducers,  and  ."4  thermocouple  channels  \u  option  is  to  use  a 14  track 
magnetic  tape  recorder  in  conjunction  with  a multiplex  system  to  record  50  data  channels  on  U) 
tape  tracks  Another  150  channels  of  assorted  instrumentation  leadtlv  can  be  provided  it  required  In 
means  of  a telemetry  van 


A feature  of  the  facility  is  its  control  of  airflow  temperature  Ihe  an  is  heated  In  a piopane  heating 
source  utilizing  the  storage  air  Make-up  oxygen  is  restored  to  the  airstream  alter  heating  Ihe  ait. 
oxygen,  and  propane  gas  mixing  is  manually  operated  l-'low  ute  is  measured  bs  a choked  venturi 
and  turbine  flow  meters  Maximum  cold  flow  time  ot  operations  can  he  varied  between  4 seconds 
and  °0  kgm  sec  to  2 hours  at  l kgm  sec. 
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\ tiKKlul.it  U"s  vels'cits  dittusei  was  designed  w Inch  is  compatible  with  the  1 tange  an  xoutsv  1 he 
dittusei  is  shewsn  tit  I'tgute  1 1 ho  design  ssas  x'pnnii.'ed  tot  UX'hnot  tlsws  He'wosoi,  its  dsnamn 
tattoo  is  hot  noon  0 and  'lH'  kin'ts.  Supersonic  an  flow  is  bis'ughl  mis'  tho  att  on.l  s't  the  dittusei  bs 
a 1'  ''  out  tttxiolo  diametei  tint  steel  pipe  lho  general  tcatliies  ot  tho  dittusei  ate  slum'll  ttt  1 iguie 
' lho  length  ot  tho  dittusei  is  r>  1 ttt  l ho  att  squate  cone  lunixing  is  1 S » m long.  I o X tom  att 
and  0 So  \ t*  So  ttt  toixvaid  (each  side  couveigmg  I I Contained  ttt  tho  centei  ot  tho  ssiuaie  cone 
is  tho  dittusei  olontont.  It  consists  s't  a 1 S *-ttt-Ksitj;  csluidei  sslu'se  peiipheis  oottstsls  \*t  a 1 pointed 
slat  wills  att  outside  diaittotoi  s't  4'  ’ out  and  an  11'  v't  'S  1 out  lho  thickness  ot  tho  stool 

c\ lutslot  s a. is  is  0.*>>  out  Ihoto  ate  '2  ' '4  cm-dtametei  holes  svmmetiicalh  located  on  tho 
penphoix.  V cone  U'  4S  out  long  saps  one  end  ot  tho  dittusei  olontont 


\ 1 J '-in-long  mixing  sootton  ts  Isoltod  ts>  tho  squate  os  lutslot  Hits  is  ttt  turn  attached  ts'  a 

0 ol  m-long  squats"  sootton  containing  six  sotoons  s't  .'.'4  and  1 ’ ’ out  ssue  mesh.  these  seteens  ate 

placed  in  pans  >0  4S  cut  apatl.  Next,  ain't  hoi  *'l  4 cm-ls'iig  tmxtttg  soctts'ti  is  hollod  s'tt  littalls . a 

1 '' nt  K'ttg  sostts'tt  eontainmg  egg  ciato  configuiatK'ii  stiaightonois  (each  coll  is  10''  cut-'  is  hs'ltod 

to  tho  adi.tvOitt  imxtng  seeiis'ti.  lho  tost  att  toil  is  shs'ssn  nt  ligute  ' lho  pet  ( mem  dtntonsts'tis  s<t 
tho  tost  auts'il  appatatus  ate  shs'ssn  tit  1 tguto  4 lho  autoil  chs'td  t>  -14  4 cm.  tts  thickness  ts  4r> '> 
cm.  and  its  length  ts  IS'. 4 cm.  On  the  loading  s'dge  midss.is  along  tho  length  ptotiudes  a Is. '-cm 
II'  tuel  exit  tube  l ho  auts'il  is  > 0 cm  abs'se  tho  gtsumd  and  is  placed  ttt  the  centot  s't  a squate 
°0.'  \ 40  s cm  austieam.  'I'  ' cm  alt  s't  the  exit  plane  ot  tho  dittusei  (1  tguto  \t  tho  Unset 
an  flow  houndats  is  located  a ptopane  ts'tch  (ligute  >1  Dining  a gtsen  tost  tho  pts'pano  totch  ts 
ignited  (pulsed'  at  mtetxals  apptoxttnateh  1 ' sec  a (xj 1 1 . sstth  dilutions  ot  the  otdot  of  0 l sec  llte 
tlame  volume,  in  the  absence  s't  tuel  m the  austieam,  is  about  1000  cm'  In  tho  bs\l\  s't  tho  aiitoil 
(installed  tot  tost  soues  '-41  ts  located  a lc*-mm  catneta,  ptotocted  b>  a ssatet  jacketed  contatnoi  \ 
wide-angle  ( 4- mtii > lens  was  usosl  that  stewed  a °4'  t'teld  The  dtsts'tied  stess  seen  bs  the  lens  is 
shs'wn  in  1 iguie  n togethei  with  ss'tne  significant  dunensts'iis  lho  qualits  ot  the  autls'w  s'sot  the 

autoil  ssas  ascettained  bs  moans  s't  a ssatet  sapot  technique.  Ms'vies  tahon  s't  the  watoi  sapot  t'sws 

cs'iifnmed  the  homogeneous  U'w  tinbuleut  tls'ss  pis'ducosl  bs  the  shtUisei  (ligute  ' 


It  is  unpottaut  ts'  ulsiass  match  the  tuibtilenee  nuinbeis  t'lom  a sstttd  tunnel  apixuatus  ts>  that  ts'i 
tiee-t'ight.  in  additton  to  matching  Res  Hold's  nuinbeis.  I he  teass'tt  tot  s\siu tolling  imbuleni  How  ts 
to  nununu’o  initial  totaltonal  motion  mtonsittes  bs  inttmsie  inomeutuni  exchanges  between  adtaceut 
an  panicles  ntswing  tiom  one  stieamltne  into  atts'thet  l sws  ttubtikmoe  ssas  induced  bs  the  use  ot 
seteens  (see  1-ignie  -'.  six  s't  which  ssote  sufficient.  Quantitative  veitficatts'n  s't  hs'tus'genos'us  U'ss 
tuibulonce  was  s'htained  bs  use  ot  the  \\\C  packaged  Rs'setnount  Mach  pts'be  using  the  telaitsMishtp 


-'IvS  \ P 
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sshote  \ (knots'  is  the  seU'ctts  and  p ts  the  differential  ptessute  (pst'  measutod  bs  the  pts'be  Data 
wete  obtained  at  tluee  stations.  Hie  fust  stattsut  was  at  the  exit  plane  ot  tho  dittusei  1 tguto  S 
shews s ts pis.it  sanation  s't  p sstth  tospoct  ts'  time  ts'i  liX'kiis't  autls'ws  l s'ligitiislmat  tiuhuleuco  at 
the  dittusei  exit  plane  t'  ts  pitied  bs  sanatis'its  s't  ’ r>  and  *'  knots  at  UHV  and  ISDkns't  antls'sss, 
lespeclisels  I s'ltgitudinal  tutbulence  at  the  an  toil  Kxisling  eslgo  ts  ts  pitied  bs  satiatts'iis  s't  * P and 
•It'  ktts'ts  at  IlH'  and  I '('knot  autls'ws.  ivspoctiselv  llte  ants'll  ssas  placed  in  postlis'ii  and  soKvits 
moasuieuients  ssote  made  41  cm  belsws  tho  nailing  Osige,  sshote  ignited  tuel  pic'pagatis'it  paths  ssote 
ktis'wn  ts>  pass  I tie  It'iigiliislinal  seh'cits  tutbulence  belsws  tho  att  naiting  autoil  edge"  is  ts  pitied  bs 
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t .0  and  t’5  knots  ,ii  100-  and  1 50-knot  airflows.  respectively  Avetage  velocity  data  is  plotted  in 
figure  l>  and  shows  how  the  velocity  tlow  attenuates  with  inci eases  in  turbulence  and  distance  from 
the  diffuser  e\it  plane  lhe  data  show  that  the  longitudinal  velocitv  niihulence  is  low  (v.l(H!  and 
homogeneous  (^5  knotsl  Airflows  could  be  repeated  within  5A  t'roni  lest  to  test 


PREPARATION  \MHIANP1  INC  Of  AMlMlSllNf.  M l l S 


Of  piime  consideration  in  the  prepaiation  and  handling  of  antimisting  fuels  is  then  potential  to 
degrade  live  antimisting  property  of  such  fuels  containing  high  molecular  weight  polvniei  additives 
will  degrade  if  the  long  molecules  can  he  mechanically  severed  A concurrent  study  at  Southwest 

Research  Institute  (SWRl),  San  Antonio,  Texas,  discusses  this  degiadation  problem  in  Reference  (5) 
Experience  gained  during  the  fust  series  of  tests  at  NWC  during  Match  I4?c>  was  used  to  assure  that 
there  would  be  no  possible  mechanical  degradation  during  the  second  and  third  series  of  tests 

performed  during  (Vtohet  I '■>  '<>  and  July  1471,  respectively 

Hie  preparation  and  handling  procedures  used  for  the  first  series  of  tests  during  March  1 o 'o  were  as 
follows  .let  A fuel  was  purchased  in  sealed  .'OS  l * drums  from  Chevron  AM  t and  I MA  anti- 

misting agents  were  obtained  from  N AITC  in  unsealed  'OS  I drums  So  attempt  was  made  to  chemically 
analy  /e  the  materials.  It  was  known  that  the  autimisting  agents  were  over  two  y eats  old  and  that  a "white 
m solution"  precipitate  w as  visible,  perhaps  due  to  water  contamination. 

Vwo  types  of  pumps  were  used  to  transfer  and  mix  the  antimist  concentiate  with  the  fuel  One 
pump  was  a paddle  pump  (Sears  model  5 c*5  .'c-iol)  turned  In  a 0 4 k\V  motor  (Seais  model 
1 1 5 I 2540)  at  I '.'5  rpm  (1°  I min)  **  lire  second  pump  was  a centrifugal  pump  (Ciane  IVming  Pumps 
model  IH'  40o'<si  C/O)  turned  by  a 0 '5-k\V  motot  (Reliance  model  C5ol  150SP-C4)  at  5450  rpm 
(5S  l min) 

Since  the  density  of  the  neat  fuel  was  assumed  to  be  that  of  the  neat  fuel  used  in  the  concentrate, 
mixing  proportions  were  based  on  a volume  basis  Neat  fuel  was  removed  from  the  2081  drums  in  211 
increments  using  a plastic  measuring  container  Concentrate  was  then  added  to  the  neat  fuel 

drum  using  another  graduated  plastic  container.  Hie  residue  concentrate  attached  to  the  plastic 
container  was  removed  by  hand  resulting  in  a wiped -clean  container  three  such  208-1  drums  were  then 
located  adjacent  to  each  other  Each  set  of  three  Jiums  contained  the  antimisting  fuel  of  given 
concentration  to  be  tested  fuel  and  concentiate  were  mixed  by  means  of  one  of  the  pumps 
described  above  lines  (I5*vm)  weie  attached  in  series  to  the  three  tanks  lire  pump  withdrew  the  fuel 
fiom  the  bottom  of  the  first  drum  and  deposited  it  at  the  top  of  the  third  drum.  An  electric 
blanket  was  placed  over  and  secured  to  the  three  drums.  The  barrels  were  then  heated  at  a ute  of  about 
5'1'hr  until  the  desired  temperature  was  reached,  e g , 55'' l'.  A temperature  controller  was  used 
Mixing  of  the  fuel  was  made  overnight  for  about  12  to  14  hours.  The  fuel  was  then  transferred 
bv  the  pump  to  the  fuel  supply  tank  prior  to  testing 

* ;0S  liters 

**  19  liters  min 
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The  question  of  antimisting  degradation  was  posed  after  completion  of  the  first  series  of  tests. 
Originally,  it  was  not  believed  that  a total  of  50  passes  in  14  hours  through  the  pumps  used  would 
significantly  degrade  the  fuel.  However,  subsequent  study  of  the  mechanical  degradation  associated 
with  the  above  mixing  procedure  revealed  unexpected  results  (Reference  (5)),  e.g.,  a greater  percent 
of  larger  molecules  were  generated. 

In  order  to  circumvent  trying  to  explain  the  unexpected  results  consequential  to  using  the  above 
handling  and  mixing  procedure,  a conservative  approach  was  used  for  mixing  AM-1  and  FM-9  for  the 
second  and  third  test  series,  executed  in  October  1976  and  July  1977,  respectively.  In  essence,  the 
procedure  was  that  previously  used  at  NAFEC. 

Two  mixers  similar  to  those  used  at  NAFEC  were  built.  These  mixers  consisted  of  a 76-cm-long  shaft 
with  three  blades,  each  10  cm  long  by  2.5  cm  wide.  Two  of  the  blades  were  placed  180  degrees 
apart  at  the  end  of  the  shaft.  The  shaft  was  attached  to  a cover  of  a 208-1  barrel  and  remotely 
rotated  by  an  electric  motor  at  100  rpm.  Mixing  was  performed  at  25°C  for  30  min.  A weight  rather 
than  a volume  measuring  basis  was  used  with  a Toledo  scale.  Samples  of  the  mixed  fuel  were 
collected  in  I -gal  samples  and  sent  to  SWR1  for  laboratory  evaluation.  This  method  and  procedure 
was  used  to  mix  the  AM-I  antimisting  fuels  for  the  second  test  series.  It  was  also  used  to  mix 
(10-min  duration)  the  FM-9  antimisting  fuels  for  the  third  test  series.  The  mixed  fuel  was  then  either 
heated  or  cooled  to  the  desired  test  temperature  by  means  of  an  electric  blanket  or  by  storage  in  a 
refrigerated  shed,  respectively.  The  conditioned  fuel  was  then  elevated  to  the  fuel  hopper  (Figure  2) 
by  means  of  a forklift. 

In  many  instances  the  above  mixers  were  not  used  to  mix  the  FM-9,  since  this  agent  readily  mixes 
with  Jet  A.  Concentrations  were  determined  on  a weight  basis  using  a Toledo  scale.  Mixing  was 
accomplished  by  mixing  the  additive  with  a 1.5-m  rod  under  the  direct  supervision  of  an  Imperial 
Chemical  Industries  (ICI)  Ltd.  (England)  representative.  The  fuel  was  heated  with  an  electric  blanket 
or  cooled  in  a refrigerated  shed  prior  to  being  transferred  to  the  fuel  hopper  by  means  of  a forklift. 


DATA  FROM  NWC  TESTS 


The  test  plan  used  for  the  first  series  of  tests  performed  between  19-31  March  1976  to  evaluate 
AM-1  and  FM-4  was  recommended  to  NWC  by  FAA  based  on  previous  experience  at  NAFEC.  The 
AM-I  test  plan  was  to  use  35°C  airflow  and  fuel  temperatures.  The  agent  concentration  and  airflow 
velocity  combinations  to  be  used  were  as  follows: 

1.0.3%  concentration  and  120-knot  airflow  velocity. 

2.  If  test  1 passes,  increase  airflow  velocity  to  150  knots. 

3.  If  test  2 passes,  reduce  concentration  to  0.2%  and  repeat  at  120-knot  airflow  velocity. 

4.  If  test  1 fails,  increase  concentration  to  0.4%  and  repeat  at  120-knot  airflow  velocity. 

The  FM-4  test  plan  was  to  use  35°C  airflow  temperatures.  The  agent  concentration  and  airflow 
velocity  combinations  to  be  used  were  as  follows: 
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1.0. 4%  concentrations  anil  100-knot  airflow  velocity 

2.11’  test  I passes,  increase  airflow  Jo  110  knots 

3.0 . 3%  concentration  anil  100  knots  (failed  at  NAFF.(') 

4.0. 4%  concentration  and  120  knots  (failed  at  NAFEC) 

A summary  of  the  first  series  of  tests  performed  at  NWU  is  given  in  Table  I.  The  general  observation 
is  that  the  concentration  levels  and  airflow  velocities  ai  35°(’  used  in  the  test  plan  represent  fuel  lire 
ignition  states.  Fireballs  developed  for  each  of  the  tests  on  the  first  ignition  pulse.  Test  5 differed 
significantly  from  the  other  tests  in  that  a huge  fireball  (perhaps  15  in  high  and  wide)  engulfed  the 
airfoil.  The  radiant  heat  from  this  test  was  great  enough  to  char  rags,  tape,  anil  paper  as  far  as  12  m 
away  from  the  edge  of  the  fireball.  Tests  0 through  10  exhibited  relatively  modest,  but  still  large 
fireballs  of  lower  radiant  energy  intensity. 

High  response  thermocouples  (TC)  were  placed  around  the  airfoil  as  shown  in  Figure  10  to  identify 
fire  flow  paths.  TC4  and  TCS  were  placed  1 15.5  cm  aft  of  the  leading  edge,  7.5  cm  off  from  the 

airfoil  surface.  TCI  and  TC6  were  located  3d  cm  aft  of  TC4  and  TC8.  respectively.  These  two  TCs 

were  likewise  7.5  cm  from  the  airfoil  surface.  TC3  was  62  cm  aft  of  TCI  and  TC6,  3.6  cm  from  the 
trailing  edge.  TCS  was  located  within  the  ejection  duct,  whereas  TC7  was  within  the  propane  igniter. 

If  the  reference  time  is  taken  as  that  of  first  response  to  fire  from  TC7,  then  initial  heating  times  in 

test  5 for  TCS,  6,  3,  4 and  I were  15,  35,  45,  130,  and  130  msec,  respectively. 

Test  5 exhibited  a burning  path  typical  of  neat  Jet  A misted  fuel.  The  fire  quickly  engulfed  the 
entire  airfoil  with  explosive  violence.  The  distance  between  the  propane  igniter  exit  plane  and  TCS 
was  79.5  cm.  Hence,  the  average  flame  front  velocity  in  the  152-knot  airflow  between  the  igniter  and 
TCS  was  53  m/sec;  between  TCS  and  TC6  it  was  1 9.5  m/sec;  and  between  TC6  and  TC3  it  was  62 
m/sec.  Average  velocities  under  the  airfoil  of  50-60  m/sec  arc  typical  of  neat  or  ineffective 
antimisting  fuel  tests.  Tests  in  which  obvious  benefit  is  derived  from  antimisting  agents  are 
characterized  by  much  lower  average  velocities,  as  will  be  demonstrated  below.  The  simultaneous 
heating  of  TC4  and  TCI  is  due  to  classical  bound  vortex  How  around  the  edges  of  the  airfoil.  The 
heat  flow  path  described  here  is  typical  for  unacceptable  antimisting  fuel  tests. 

NWC  tests  I through  3 (Table  I)  are  representative  of  the  tests  performed  to  evaluate  airflow 
velocity  and  quality  of  llow  intrinsic  to  the  NWC  diffuser  design  discussed  elsewhere  in  this  report. 

Airflow  calibrations  were  made  on  the  basis  of  pitot  probes  placed  at  various  locations  in  the 
airstream.  It  was  learned  from  these  tests  that  the  static  pressure  in  the  airstream  must  be  measured 
to  compute  velocity  with  an  accuracy  of  I Off.  j 

A considerable  amount  of  16-nun  film  footage  at  24.  400,  1,000,  and  5,000  frames  per  second  from 
cameras  placed  10-40  m from  the  airfoil  was  extensively  analyzed  in  detail  for  fuel  flow  patterns  and 
ignition/fire  formation  phenomena.  Unfortunately,  aside  from  confirming  antimisting  phenomena  and 
fire  ignition,  detailed  information  needed  for  analytical  modeling  was  scarce.  The  basic  problem  with 
the  film  coverage  was  scene  obscurity  due  to  three-dimensional  fuel  flow.  It  was  demonstrated  that 
this  obscurity  could  be  greatly  reduced  by  placing  a camera  within  the  fuel  flow  under  the  airfoil.  A 
consequence  of  the  demonstration  was  to  repackage  a camera  (Figures  4 and  6)  within  the  airfoil  for 
(he  second  and  third  scries  of  tests. 
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Utilizing  the  experience  gained  from  the  first  series  of  tests,  a second  series  was  designed  to  test  AM-1 
and  FM-9.  The  test  plan  used  for  the  second  series  of  tests  (performed  between  13-20  October  1976) 
to  evaluate  AM-1  and  FM-9  was  recommended  to  NWC  by  FAA.  The  second  test  plan  was  to  use  27  C 
airflow  and  30°C  fuel.  The  agent  concentration  and  airflow  velocity  combinations  to  be  used  for  FM-9 
were  as  follows: 

1 . 0.3%  FM-9  concentration  and  1 20-knot  airflow  velocity. 

2.  If  test  I passes,  increase  air  velocity  to  140  knots. 

3.  If  test  2 passes,  increase  air  velocity  to  160  knots. 

4.  If  test  1,  2,  or  3 fails,  increase  concentration  to  0.4%  FM-9  and  repeat  at  corresponding  air 
velocity  and  increased  velocities  up  to  160  knots. 

5.  If  test  4 fails,  increase  concentration  to  0.5%  FM-9  and  repeat  at  corresponding  air  veloc- 
ity and  increased  velocities  up  to  160  knots. 

6.  If  test  5 fails,  reduce  fuel  temperature  to  20°C  and  repeat  at  corresponding  air  velocity 
and  increased  velocities  up  to  160  knots. 

7.  If  test  3. 4,  5,  or  6 passes,  repeat  with  30%  of  fuel  quantity  degraded  by  pumping. 

The  second  AM-i  test  plan  was  to  use  27°C  airflow  and  30°C  fuel.  The  agent  concentration  and 
airflow  velocity  combinations  to  be  used  for  AM-1  were  as  follows: 

1 . 0.3%  AM-1  concentration  and  100-knot  airflow  velocity. 

2.  If  test  I fails,  increase  concentration  to  0.4%  AM-1  and  repeat  at  100-knot  airflow  velocity. 

3.  If  test  2 fails,  reduce  fuel  temperature  to  20°C  and  repeal  at  0.4%  AM-1  and  100  knots.  If  test 
3 fails,  conclude  AM-I  tests. 

4.  If  either  test  2 or  3 passes,  increase  air  velocity  to  I 20  knots. 

Another  significant  difference  between  the  second  and  first  series  of  tests  was  that  190-1*  batches  of 
antimisting  fuel  were  used  instead  of  568-1 . The  above  test  plan  was  used  only  as  a guide.  On-site  changes 
were  made  with  FAA  approval. 

A basis  for  judging  the  degree  of  fire  suppression  for  the  antimisting  fuel  was  developed  after  reviewing 
all  test  films.  The  outcome  of  a single  torch  ignition  pulse  was  designated  a pass  if  cither  no 
fire  or  only  self-extinguishing  fireballs  occurred,  or  if  the  torch  behaved  as  a flame  holder  and 
the  flame  did  not  propagate.  The  outcome  was  designated  a fail  if  a firebail(s)  initiated  a pool  fire  by 
cither  escaping  from  the  airstream  or  by  producing  an  airstream  fire  of  sufficient  intensity  to  ignite  a 
pool  fire.  Figure  1 1 depicts  an  example  of  a single  torch  ignition  pulse  outcome  that  was  designated  a 
pass.  Figures  12-14  depict  an  outcome  that  was  designated  a fail.  For  comparison,  the  flame  propagation 
exhibited  by  neat  Jet  A is  shown  in  Figures  I 5 and  16. 

The  overall  effectiveness  of  antimisting  fuel  was  designated  a pass  for  a test  if  each  pulse  was  a 
pass  The  effectiveness  was  called  marginal  if  one  or  more  pulses  were  fail(s),  but  the  airtoil  did  not  be- 
come engulfed  in  flames.  The  effectiveness  was  designated  fad  if  the  airfoil  became  enveloped  in  flames. 

Another  factor  to  be  considered  in  rating  the  fire  effectiveness  of  antimisting  fuels  is  the  dump  rate  into 
the  airstream  at  the  time  of  a given  pulse.  The  dump  rate  is  a function  of  the  airstream  velocity 
head,  the  fuel  head,  and  the  exit  hole  diapieter  in  the  airfoil.  It  was  observed  that  at  airstream 
velocities  greater  than  1 20  knots  the  dump  rate  was  significantly  reduced.  This  was  reasonably 
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overcome  in  tost  series  2 ami  .1  by  loosely  placing  a sheet  metal  covet  over  the  exit  tithe.  The  fuel  dump 
tate  was  also  modified  to  some  extent  by  varying  the  volume  ot  fuel  dumped  from  I ‘>0  to  5b8  I 
The  primary  consequence  ot  using  more  fuel  was  to  extend  the  time  ol  lest  so  that  more  lire 
pulses  could  he  examined. 

A summary  of  the  second  series  of  tests  performed  at  NWC  is  given  in  Table  2.  lire  getteral 
observation  is  that  TM'>  is  effective  in  reducing  tire  propagation.  A detailed  summary  o!  each 
test  follows 

lest  II  used  0.5'T  TM-‘>  concentrate  in  a l‘H)-l  batch  of  28.2"(’  Jet  A fuel.  The  average  fuel 

dump  rate  into  the  2b. 8 V,  ‘)*>-knot  airflow  was  25.0  I /see.  I his  dump  rale  was  lower  than  that 
expected  (Ml  I /sec)  because  of  the  pneumatic  plunger  sticking.  The  propane  igniter  was  pulsed  at 
4.1.  5.5,  <1.7,  and  8.2  sec.  Three  small  self-extinguishing  lire  ignitions  were  recorded  by  the  aiiloil 
camera;  they  tiaveled  about  2(>.  25,  and  45  cm  in  71),  M),  and  40  msec,  respectively.  Test  II  was 
judged  to  pass  the  lire  sell  extinguishing  requirement. 

Test  12  used  0 5' f l;M-1)  concentrate  in  a I ‘HI- 1 hatch  of  5b.  TV  Jet  A fuel.  The  average  I uel 

dump  rate  into  the  2b.  TV,  100-knot  airflow  was  5»  I /sec,  The  propane  igniter  was  pulsed  at 
4 0,  5.0,  and  5.')  sec  Two  small  fire  ignitions,  that  self-extinguished  in  a distance  ol  about  40  cm, 
were  recorder!  bv  the  airfoil  camera.  Only  one  of  these  sell  extinguishing  tires  was  observed  by  the 
overall  viewing  lii-iiim  camera  Test  12  was  judged  to  pass  the  lire  sell -extinguishing  requirement 

Test  15  used  0.5', v I'M'1  concentrate  in  a l'H)  I batch  of  55.5' C Jet  A fuel.  The  average  I uel 

dump  rate  into  the  25.0  V,  125  knot  .inflow  was  5')  l/sec.  The  dump  rate  was  less  than  that  expected 

(M)  l/sec)  because  of  the  pneumatic  plunger  sticking,  in  combination  with  the  higher  airstieam  bead  on 
the  airfoil  fuel  exit  The  propane  igniter  was  pulsed  at  4.5,  (>.2,  ami  8.5  sec.  One  moderate  lire 

ignition,  that  did  not  propagate  but  traveled  downs! team  some  t>  to  10  in,  was  observed  by  the  overall 

viewing  Ibintti  camera.  The  airfoil  camera  jammed  Test  14  was  judged  to  pass  the  lire  sell 

extinguishing  requirement 

Test  14  used  0.5";  TM  '>  concentrate  in  a l*>0-l  batch  of  2b.7‘V  Jet  A fuel  The  average  fuel  dump  rate 

into  the  2-14  1’,  122-knot  airflow  was  ')  l/sec.  The  dump  rate  was  much  less  than  that  expected 

(til)  l/sec)  because  ol  the  pneumatic  plunger  sticking,  in  combination  with  the  higher  airslream  head  on 
the  airfoil  fuel  exit.  The  propane  igniter  was  pulsed  at  15.0.  lb. 8,  I'M),  22.0.  24.7,  27.'),  51.5, 

44  4,  and  5b. 7 sec.  The  overall  viewing  lb-nun  cameia  did  not  tecoid  any  lire.  The  airtoil  cameras  de 
tected  one  small  fireball,  which  self-extinguished  before  leaving  the  wide  angle  viewing  area  (about  b0  cm). 
Test  14  was  judged  to  pass  the  fire  self-extinguishing  reipiiiement  Note  that  this  test  may  be  considered 
a no-test  on  the  basis  of  the  low  fuel  slump. 

lest  1 5 used  0.4'  TM'>  concentrate  in  a l'H)  I batch  of  41.4'V  Jet  A fuel.  Hie  average  fuel  dump  tate 

into  the  25.0  1'.  1 25-knot  airflow  was  41  l/sec.  The  slump  i.ite  was  less  than  expected  (bO  l/see) 

because  of  the  pneumatic  plunger  sticking,  in  combination  with  the  higher  airstieam  head  at  the 
airfoil  fuel  exit.  The  propane  igniter  was  pulsed  at  4.7,  5.'),  and  8.2  sec.  The  overall  viewing  lb-nun 
camera  records'll  a moderate  fiiefall,  which  slid  not  propagate  within  the  fuel  llow  Held,  resulting  nr 
a modest  ground  lire  some  b to  '>  m behind  the  airfoil  lest  I 5 was  judged  to  be  marginal  with  respect 
to  the  lire  self  extinguishing  requiteinent 
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lost  l<>  used  0.5  I'M  4 concentrate  in  .1  1 ‘■>0-1  batch  of  27.X°C  Jot  A fuel.  The  aveiage  fuel  Jump 

late  into  the  2o.l”C.  141-knot  an  (low  was  4 l/sec.  The  dump  rate  was  loss  than  expected  (60  l/sec) 

because  ol  the  pneumatic  plunger  sticking,  in  combination  with  the  higher  anstieam  head  at  the 
.111  toil  fuel  exit.  The  propane  igmtei  was  pulsed  at  5.5,  6.7,  '*.7,  12.4.  15.1.  and  IS  I sec.  lhe 
oveiall  viewing  16-nmi  camera  and  the  airfoil  camera  did  not  observe  any  trie.  Test  lo  was  judged  to 
[msn  the  lire  self-extinguishing  requirement.  Note  that  this  test  may  be  considered  .1  no-test  on  the 
basis  ol  the  low  fuel  dump. 

lest  1 7 used  0..V : I'M-1)  concentrate  111  a t l)Q-l  batch  of  27.8°C  Jet  A fuel.  The  average  fuel  dump 
rate  into  the  *>.4°(\  150-knot  airflow  was  25  t/sec.  The  dump  rate  was  less  than  expected  (60  l/sec) 
because  of  the  pneumatic  plunger  sticking.  111  combination  with  the  higher  aii  stream  head  at  the 
an  foil  fuel  exit.  I"  he  propane  igmtei  was  pulsed  at  7.7.  10.2.  and  12.7  sec.  The  overall  viewing 
lo-nim  camei a did  not  observe  any  tire.  I'he  airfoil  camera  film  was  lost  during  processing.  Test  17 

was  pidged  to  pass  the  tire  self-extinguishing  reqimement.  Note  that  this  test  may  be  considered  a 

no-test  on  the  basis  of  the  low  fuel  dump  and  low  air  tenipeiature. 

lest  IS  used  0.5  .'  I'M  -4  concentrate  in  a 1 *40-1  batch  of  55.5‘V  Jet  A fuel.  The  average  fuel  dump 

rate  into  the  2 7.2°(\  140-knot  airflow  was  54  l/sec.  The  dump  rate  was  less  than  expected  (60  l/sec) 

because  of  the  pneumatic  plunger  sticking,  in  combination  with  the  liighei  airstie.ini  head  at  the 
an  foil  fuel  exit.  I'he  propane  ignitor  was  pulsed  at  4.5,  5.4,  and  S.O  sec.  The  oveiall  viewing  Iti-nuu 
camera  did  not  function  properly.  The  airfoil  camera  recorded  the  tnst  two  pulses  as  very  small  (2- 
to  S-ctn  diameter)  self-extinguishing  swilling  fireballs  The  fust  pulse  fireball  lotated  about  ISO"  in 
the  field  of  view,  i.e..  4040° /sec.  The  external  70-nun  fuel  flow  field  film  was  lost  during  processing, 
lest  |S  was  nidged  to  pass  the  lire  self  extinguishing  leqimement . 

lest  1 4 used  .1  1 4fl-|  batch  ot  51  If  Jet  A fuel  I'he  average  fuel  dump  rate  into  the  25.0°C, 

147-knot  airflow  was  54  l/sec.  I he  dump  rate  was  less  than  expected  ( 60  l/sec)  because  of  the 

pneumatic  plunge  1 sticking,  m combination  with  the  higher  airslrcam  head  at  the  airfoil  fuel  exit. 
Priot  to  ignition,  spiay  waves  (.1  meter  apart)  were  traveling  about  50  knots  ovei  the  airfoil.  The 
propane  igmtei  was  pulsed  at  4.2  sec  I he  overall  viewing  16-nun  camera  recorded  a great  fireball 
some  12  m high,  l ire  engulfed  the  entire  airfoil.  The  airfoil  camera  recorded  the  fire  growth  as  lire 

(raveled  across  the  lens  in  0.01  I sec.  Test  14  served  10  demonstrate  that  neat  Jet  A is  highly 

flammable  lot  the  given  test  conditions. 

lest  20  used  0 5 AM  I (old  conceiitiate  prepared  by  SWRI)  in  a 1 ‘>0-1  batch  of  2o.7"C  Jet  A fuel. 

Ihe  average  fuel  dump  rate  into  the  27.2‘V.  126-knot  airflow  was  56  l/sec.  Ihioi  to  ignition,  the 

leading  edge  of  a typical  spray  wave  was  tiavehug  about  50  knots  over  the  airfoil.  The  propane 
igniter  was  pulsed  at  5.S  and  5.2  sec.  The  overall  viewing  lo-mm  camei  a lecorded  a small  fireball 
which  self-extinguished.  Its  dmation  in  the  field  of  view  was  0.17  sec.  The  second  pulse  resulted  111  a 

tire  much  less  severe  than  that  for  test  |4  ’he  atilotl  cameta  tecorded  both  pulses  lest  20  was 

judged  to  be  a failure  with  respect  to  the  fue  scll-extmguishing  renmieinent. 

l est  22  usi'd  0.5' . I M 4 concentrate  in  a I ‘>0  1 batch  ol  <6 TV  Jet  A fuel.  I he  average  fuel  dump 

rate  into  the  25'V.  142-knot  airflow  was  estimated  as  57  l/sec . The  propane  igniter  was  pulsed  at  5.5 

sec.  T he  overall  viewing  16-mm  camei  a recorded  the  severe  tire  development,  flood  tire  coverage  was 
also  obtained  from  the  airfoil  camera.  Complete  lire  engtilfment  of  the  aiifoil  was  attained  within  0.2 
sec.  lest  22  was  judged  to  be  a failure  with  respect  to  the  lire  self-extinguishing  lequirement. 


Test  '3  used  0.3';  AM  I (old  concentrate  prepared  by  SWRIt  in  a 190-1  batch  of  30.6 V Jet  A fuel. 
The  average  fuel  dump  rate  into  the  22.2V,  101-knot  airflow  was  58  Msec.  The  propane  igniter  was 
pulsed  at  4.2  and  5.6  sec.  The  overall  viewing  16-nun  camera  recorded  one  pulse  that 
self-extinguished.  The  airfoil  camera  recorded  both  self-extinguishing  lire  fronts.  Test  23  was  judged 
to  pass  the  fire  self-extinguishing  requirement. 

Test  24  used  0.3'"  AM- 1 (new  concentrate  prepared  by  SWRt)  in  a 190-1  batch  of  33.3V  Jet  A fuel. 
The  average  fuel  dump  rate  into  the  26.7V,  100-knot  airflow  was  estimated  to  be  54  l/sec.  The 
propane  igniter  was  pulsed  at  3.4  sec.  The  overall  viewing  ltvmm  camera  recorded  the  tire 
engulfmeut  initiated  by  the  first  pulse.  Good  lire  coverage  was  also  obtained  from  the  airtoi)  camera 
Complete  fire  engulfment  of  the  airfoil  was  attained  within  200  msec.  Test  24  was  judged  not  to 
pass  the  fire  self-extinguishing  requirement. 

lest  25  used  0.3%  FM-9  concentrate  in  a OKI-1  batch  of  29.4V  Jet  A fuel.  The  average  fuel  dump 
rate  into  the  27.8 V.  122-kuot  airflow  was  59  l/sec.  The  propane  igniter  was  pulsed  at  4.0  and  5.4 
sec.  The  overall  viewing  to-mm  camera  recorded  fire  engultmcnt  development.  The  airfoil  camera 

recorded  a very  small  fire  ignition  on  the  first  pulse.  The  tire  ignition  and  propagations  were 

dramatic  with  the  second  pulse.  Complete  tire  engulfment  of  the  airfoil  was  never  observed,  as  in  the 
case  for  Jet  A fuel  alone.  Test  25  was  judged  not  to  pass  the  lire  self-extinguishing  requirement. 

Test  2 1>  used  0.43  FM-9  concentrate  in  a 190-1  batch  of  28.9°C  Jet  A fuel.  The  average  fuel  dump 

rate  into  the  28.3V.  122-knot  airflow  was  54  l/sec.  The  propane  igniter  was  pulsed  at  3.6.  5.1.  and 

6.2  see.  The  overall  viewing  16-mm  camera  recorded  one  pulse  traveling  downstream.  The  airloil 
camera  recorded  three  ignitions.  The  first  ignition  was  extremely  small.  The  second  and  third 
ignitions  were  well  defined.  1 cst  26  was  judged  io  pass  the  tire  sell-extinguishing  requirement 

Test  27  used  0.4%  l-M-9  concentrate  in  a 190-1  batch  of  26.7V  Jet  A fuel.  The  average  fuel  dump 
rate  into  the  26.7V,  143-knot  airflow  was  M l/sec.  The  propane  ignilcr  was  pulsed  at  4.7  and  o.O 
sec.  The  overall  viewing  16-miti  camera  recorded  both  pulses,  lire  first  pulse  initiated  a lire 
downstream.  The  second  pulse  caused  the  fire  to  propagate  forward  on  the  airfoil.  The  airfoil  camera 
similarly  recorded  the  two  pulses.  The  glow  caused  by  the  downstream  lire  was  quite  apparent  before 

the  second  pulse  induced  fire  engulfment  of  tire  airfoil.  Tosi  27  was  judged  not  to  pass  the  tire 

self-extinguishing  requirement. 

Test  28  used  0.33  FM-9  concentrate  in  a 190-1  hatch  of  26.7V  Jet  A fuel.  The  aveiage  fuel  dump 

rate  into  the  27 ,2V.  122-knot  airflow  was  59  l/sec.  The  propane  igniter  was  pulsed  at  3.7  and  5.0 

see.  The  overall  viewing  16-mm  camera  recotdcd  both  ignitions,  as  did  the  airloil  camera.  1 cst  28 
was  judged  not  to  pass  the  lire  self-extinguishing  requirement. 

Utilizing  the  experience  gained  from  fire  second  series  of  tests,  a third  scries  was  designed  to  further 
tesi  l-M-9.  The  plan  used  for  tins  series  of  tests  (performed  between  14-26  July  19771  to  evaluate 
IM-9  was  recommended  to  NWf  by  the  FAA.  The  third  test  plan  was  to  use  33  V airflow  and  27V 
furl.  The  objective  was  to  establish  the  failure  envelope  for  l-M-9  for  concentrations  between  0.3  and 
0.53  and  airflow  velocities  (al  the  diffuser  exit  plane)  between  100  and  170  knots. 
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Again,  as  in  the  second  lost  so  ties,  both  WO-1  aiul  batches  of  antumsling  fuel  wo  i o usoil.  fhe 

same  covei  pla to  used  in  t ho  second  losi  sonos  (losts  77-78)  was  employed  lo  inimnii/o  the  lio.nl 
pressure  effects  ot  the  airstroam  on  tlio  initial  tuol  expulsion  1'ioin  the  airfoil  (soo  tost  b.  fable  I and 
lost  :i.  lablo  :i. 

A summaty  id  the  tlnid  sonos  ot  tosts  performed  at  NWC  is  given  in  lablo  5.  Iho  gonoial 
obsoivation  is  that  sufficient  data  was  collected  to  dot'mo  the  I M -'*  failure  envelope  foi  the  stated 
conditions  A detailed  summary  ot  each  tost  follows 

lost  7'*  used  0.5  IM-'*  concontialo  hand  mixed  in  a I 'Hi  I batch  ot  78.b'Y  Jot  A tuol  Iho  average 

tuol  dump  tato  into  the  77  4 IO'*-knot  airflow  was  >8  I sec  I ho  ptopano  igmloi  was  pulsed  at 
II  5 and  I'.'  sec  1 lie  tnsl  pulse  self-extinguished  itumodialolv  within  the  field  of  view  of  the  autoil 
camera.  Iho  second  pulse  created  simultaneously  both  a pool  and  an  airstroam  tiro  losulting  in  a 
fireball  diameter  of  about  '*  in.  A runaway  condition  was  experienced  by  the  tost  appaiatus  Hy  the 
second  pulse  the  an  velocity  reached  IIS  knots  and  the  air  tompoiatme  was  5b.4'V.  Iho  fust  pulse 
passed  the  tiro  sell-extinguishing  requirement.  The  second  pulse  was  a failure  point  lost  7'*  was 
judged  to  tail  the  tire  self-extinguishing  lequirement  01  to  be  a no-test 

lest  SO  used  O S'.  1-M-'*  concentrate  hand-mixed  in  a l'*0-l  batch  of  77.4°l'  Jet  A fuel,  fhe  avetage 
tuol  dump  tale  into  the  SS  I'l'.  dS-knol  airflow  was  >5  1 sec.  lire  propane  igmtet  was  pulsed  at 
74.'*,  7b. 1,  77.5.  and  7'*.  I sec.  lire  fust  two  pulses  sell-extinguished  within  the  field  of  view  ot  the 
autoil  camoia.  lire  thud  pulse  also  self-extinguished  but  ruamtested  itsclt  as  one  of  long  duration 
(0.7 S sec),  lire  fourth  pulse  also  was  of  long  duration,  except  that  a fireball  was  also  observed  to  go 
downstream  resulting  in  a pool  lire  that  self-contained  by  quickly  reducing  liom  about  a S-m  height 
to  about  S cm.  some  S m alt  of  the  autoil.  fhe  fust  three  pulses  passed  the  lire  self-extinguishing 
requirement,  fhe  fourth  pulse  did  not  pass  the  tire  sell  extinguishing  requirement,  lest  50  was  judged 
to  muigmullv  pass  the  tire  self-extinguishing  requirement. 

lest  51  used  0.4  I NI  '*  concentrate  hand-mixed  m a l'*0-l  batch  of  78‘Y  .let  A fuel,  fhe  average 
fuel  dump  rate  into  the  51.7  (',  117-knot  .inflow  was  bO  I sec.  fhe  propane  ignitei  was  pulsed  at 

77.'*.  74  I.  and  75.7  sec  All  three  pulses  self-extinguished  immediately  within  the  field  of  view  of 

the  autoil  camera,  fhe  lire  pulse  duration  of  the  second  pulse  was  0.1  sec.  lest  51  was  judged  to 
(xiss  the  fue  sell  extinguishing  requirement. 

lest  57  used  0.5  I M -'*  couceuiiate  hand-mixed  in  a 1 '>0-1  batch  of  7S.b'Y  Jet  A fuel,  fhe  aveiage 

fuel  dump  rate  into  the  50  7'i.',  1 5 7-knot  .inflow  was  55  I sec  fhe  piopane  igniter  was  pulsed  at 

50.5,  51.7,  and  55.5  sec  VII  three  pulses  sell  extinguished  immediately  within  the  field  of  view  ot 

the  autoil  camera  fhe  tire  pulse  duration  of  the  second  pulse  was  0.1  sec.  lest  57  was  nidged  to 
pass  the  tire  self  extinguishing  requirement. 

lest  55  used  0.5'  l-M-‘>  concentrate  hand-mixed  m a l‘HJ-1  batch  of  75.7‘V  Jet  A fuel,  lire  aveiage 

tuel  dump  tale  into  the  54.7‘V,  158-knot  airflow  was  50  I sec  fhe  propane  ignitei  was  pulsed  at 

57.5.  55.5,  54.'*,  5b. 5,  58.1.  and  5**. 7 sec.  All  six  pulses  self-extinguished  immediately  within  the 
field  of  view  of  the  autoil  cameia.  lest  55  was  judged  to  pass  the  fue  self-extinguishing  requirement 


Fesi  >4  used  0.4'.  FM-‘>  concentiate  hand-mixed  in  a 5b8-l  batch  of  2b.5°V  Jot  A tucl  The  average 
fuel  dump  tale  into  the  50.8°C.  120-knot  airflow  was  75  1 sec  The  propane  igniter  was  pulsed  at 
2’  \ 28.4,  2‘>4>,  41.7,  and  42.'*  sec.  All  live  pulses  self-extinguished  within  the  field  of  view  of  the 
airfoil  camera.  The  lire  pulse  duration  of  the  tlmd  pulse  was  0.4  sec.  lest  44  was  judged  to  pass  the 
fue  self-extinguishing  requirement. 

Test  45  used  0.4*7  FM-‘>  concentrate  hand-mixed  in  a >t»S-l  batch  of  2 b *PY  Jet  A fuel  The  average 
fuel  dump  rate  into  the  44.b°C,  100-knot  airflow  was  70  I sec.  The  propane  igniter  was  pulsed  at 
41.7,  52.0,  44.4.  55.'*,  and  57.5  sec.  The  fust  four  pulses  passed  the  fnv  self-extinguishing 
requirement.  The  pulse  duration  of  pulses  tom  and  live  were  about  1.2  sec.  The  fifth  pulse  exhibited 
a fireball  that  resulted  in  a pool  fire  that  self-contained  b>  quickly  reducing  from  about  a 5-m  height 
to  about  5 cm.  some  8 m art  of  the  airfoil  (similar  to  test  50).  Test  55  was  judged  to  marginally 
pass  the  lire  self-extinguishing  requirement. 

Test  5b  used  0.5‘7  FM-*>  concentrate  hand-mixed  in  a 5b8-l  batch  of  25.2‘V  Jet  A fuel.  The  average 
fuel  dump  rate  into  the  2*4. 7'V.  Ibl-knot  ait  flow  was  41  l/sec.  The  propane  igmtei  was  pulsed  at 
2b. 1,  27.5,  28.0,  50.5,  51.7,  55.5,  and  54.7  sec.  All  but  the  third  pulse  self-extinguished  within  the 
field  of  view  of  the  airfoil  camera.  A 10-cnt  fireball  was  observed  to  pass  through  the  field  of  view 
on  the  fourth  pulse.  However,  the  ball  was  not  observed  by  the  overview  camera.  Hence  it  must  have 
self-extinguished  neat  the  trailing  edge.  Test  5b  was  judged  to  pass  the  fine  self-extinguishing 
requirement. 

Test  57  used  0.4\  FM-0  concentrate  hand-mixed  in  a 5b8-l  batch  of  28°C  Jet  A fuel.  The  average 
fuel  dump  rate  into  the  20. 7"(\  142-knot  airflow  was  7()  I sec.  The  propane  igniter  was  pulsed  at 
lb. 7 and  18.2  sec.  The  first  pulse  resulted  in  a fireball  in  the  austream  starting  a pool  fire  some  7 m 
behind  the  airfoil.  The  second  pulse  initiated  a fue  m the  austream.  Test  57  was  judged  not  to  pass 
the  fire  self-extinguishing  requirement. 

Test  58  used  0.4*7  FM-0  concentrate  hand-mixed  in  a 5 :>8-l  batch  of  25.8°C  Jet  A fuel.  The  average 

fuel  dump  rate  into  the  20. |°{'.  120-knot  airflow  was  7 2 I sec.  The  propane  igniter  was  pulsed  at 

24.5.  25.5.  27.1,  28.5,  50.1,  and  51.5  sec.  All  pulses  except  the  third  and  fifth  self-extinguished 
within  the  field  of  view  of  the  airfoil  camera.  Pulse  three  self-extinguished  some  5 m behind  the 
airfoil.  Pulse  five  resulted  in  a pool  fire  under  the  wing  to  some  10  m aft  of  the  airfoil.  This  pool 
fire  self-contained.  Test  58  was  pulped  to  marginally  pass  the  fire  self-extinguishing  requirement. 

Test  50  used  0.5*7  FM-0  concentrate  hand-mixed  in  a 5b8  1 batch  of  2b.5"C  Jet  A fuel.  The  a vet  age 
fuel  dump  rate  into  the  52.5'V.  1 10-knot  .inflow  was  74  I sec.  The  ptopane  igniter  was  pulsed  at 

20.5,  21.5.  and  25.1  sec.  The  fust  pulse  resulted  in  a pool  fire  under  the  trailing  edge  of  the  airfoil. 

This  pool  fire  retreated  some  5 m resulting  in  a p»x'l  fue  some  8 m high.  The  second  pulse 
self-extinguished  in  the  field  of  view  under  the  airfoil.  The  third  pulse  resulted  in  a full  fue  field. 
Test  50  w,ts  pidged  not  to  pass  the  fire  self-extinguishing  requirement. 

Test  40  used  0.5*7  IM-'t  concentiate  machine-mixed  in  a 1 '*0-1  batch  of  28'Y  Jet  A fuel  The 
average  fuel  dump  rate  into  the  2‘>,7°(\  UN-knot  airflow  was  '8  I sec  The  propane  igmtet  was 
pulsed  at  2b. 5.  27.7,  and  2l>.5  sec.  The  first  and  second  pulses  self  extinguished  witlnn  the  field  of 
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view  of  (he  airfoil  camera.  Then  lire  pulse  time  was  about  0.27  sec  each.  I he  third  pulse  resulted  m 
a pool  tire  under  the  airfoil.  Vest  40  was  judged  not  to  pass  the  fire  sell -extinguishing  requirement. 


Test  41  used  0.55T  I'M-1*  concentrate  hand-mixed  in  a 568-1  hatch  ol  '5.7'  v'  Jot  A tuel.  lhe  aveiage 
fuel  dump  late  into  the  50.8°(\  122-knot  aullow  was  74  1 sec.  The  propane  igniiei  was  pulsed  at 

14.7.  15.7.  17.5.  IS. 7.  and  20.5  sec.  The  first  pulse  self-extinguished  immediately  within  the  held  ol 
new  of  the  airfoil  camera.  The  next  three  pulses  failed  to  contain  the  fireball  within  the  aitsiream. 

The  fifth  fireball  resulted  in  a pool  tire  aft  of  the  airfoil.  This  fire  was  significantly  different  from 
other  pool  fires  in  that  it  was  of  low  heat  intensity.  Test  41  was  judged  to  marginally  pass  the  hie 
self-extinguishing  requirement. 

Test  42  used  0.55‘v  FM-*>  concentrate  hand-mixed  in  a 5o8-l  batch  of  26.5°C  Jet  A fuel.  The  average 
fuel  dump  i ate  into  the  5l.5°l\  1 10  knot  aiiflow  was  77  l/sec.  The  propane  igniter  was  pulsed  at 

5.7.  10.1,  11.5.  12.7,  14.5.  and  15.7  sec.  The  first  four  pulses  self-extinguished  within  the  field  ol 
view  of  the  airfoil  camera.  The  fifth  pulse  resulted  in  a fireball  that  self-extinguished  some  t>  m 
behind  the  autoil.  The  sixth  pulse  sell  -extinguished  within  the  field  ot  view  ol  the  airfoil  camera. 

Test  42  was  judged  to  pa  s the  tiie  self-extinguishing  requirement. 

Test  45  used  0.5  .'  i M 11  concentrate  machine-mixed  in  a P*0-1  batch  ol  28.0  l Jet  A tuel.  lhe 
aveiage  tuel  dump  rate  into  the  50.2°l'.  l>8-knot  aiiflow  was  58  l/sec.  The  piopane  igjtitei  was 
pulsed  at  15.5,  14.7,  In  5,  and  17.7  sec.  The  first  three  pulses  self-extinguished  within  the  held  ol 
view  ot  the  airfoil  camera.  The  fourth  pulse,  however,  resulted  in  a pool  1 lie . 1 his  event  was  judged 
invalid  on  the  basis  that  the  fuel  (low  was  almost  exhausted.  Test  45  was  judged  to  marginally  pass 
the  fire  self-extinguishing  requirement  or  to  be  a no-test. 

Test  44  used  0.45‘  1M1>  concentrate  hand-mixed  m a 5 7'M  batch  ot  25.8  (.  Jet  A tuel.  lhe  average 
tuel  dump  rate  into  the  29.I°C,  159-knot  airflow  was  56  l/sec.  The  propane  igniter  was  pulsed  at 
2oo  (2.7,  54. t.  and  55.7  sec.  Fireballs,  about  1-5  cm,  were  observed  to  pass  through  the  field 

of  view  of  the  airfoil  camera  tot  every  pulse.  A pool  tire  resulted  alt  ot  the  aitloil  attei  the  litst 
pulse.  The  fire  was  never  seen  throughout  the  test  by  the  airfoil  camera.  Test  44  was  judged  to 
marginally  pass  the  fire  self-extinguishing  requirement. 

Test  45  used  0.45‘v  FM-‘>  concentrate  hand-mixed  in  a 57V>-1  hatch  of  28. o'  f Jet  A tuel.  lhe  average 
fuel  dump  rate  into  the  55.8-plus.  Ibd-knot  airflow  was  54  l/sec.  The  propane  igniter  was  pulsed  at 
20.0  and  22.1  sec.  Both  pulses  resulted  in  a poo!  fire.  Test  45  was  judged  not  to  pass  the  tire 

self-extinguishing  requirement.  j 


DISCUSSION  OT  Tl  ST  Rl  SUl  I S 

Test  l‘>  (Table  2>  demonstrated  that,  for  an  atrstream  velocity  ot  147  knots,  neat  Jet  A will  mist 
and  release  intense  heat  as  a result  of  an  ait  explosion  initiated  by  the  propane  igniter  undet  the 
airfoil.  Test  5 (Table  I)  demonstrated  that  a small  percentage  (<0.1b  v)  of  AM- 1 additive  does  not 


lo 
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significantly  reduce  the  released  heat  ute  lot  higher  airstieam  velocities  ( 1 S2  knots)  Vest  IS  (Table  ') 
demonstrated  that  the  addition  ot  0.3  I M >>  to  neat  Jet  A significantly  decreases  the  fuel's  pro- 
pensitv  to  support  a tire  initiated  by  the  piopane  igniter 


Based  on  the  test  results  in  Tables  2 and  3.  it  ts  conclusive  that  I M '1  fuel  additive  in  concentrations  of 
at  least  0.3'  ts  effective  in  reducing  neat  Jet  A's  propensity  to  suppott  lire  in  an  airstream  analogous 
to  that  in  a survivable  aircraft  craslt  landing  figure  17  shows  a the  suppression  effectiveness  envelope 
derived  from  the  test  data  in  Tables  2 and  3.  lire  area  above  the  curve  is  designated  pass  and  represents 
conditions  for  which  the  antiniisting  fuel  was  completely  effective  in  suppressing  tire,  llto  area  below 
the  curve  is  designated  marginal  fail  and  represents  conditions  tor  which  the  antiniisting  tuel  did  not 
completely  suppress  tire  or  was  ineffective.  (Tests  in  which  the  airfoil  fuel  outlet  cover  was  not  used  ate 
not  plotted  in  figure  17.)  It  is  emphasized  that  none  of  the  test  failures  ever  exhibited  the  tierce  heat 
intensity  or  ignition  explosion  observed  using  neat  Jet  A. 

it  ts  apparent  that  more  than  one  mechanism  determined  the  travel  ol  a tireball  under  the  wing.  In  many 
instances  the  fireball  was  contained  within  the  airstream  and  ejected  to  the  ground,  either  under  the  wing 
apparatus  ot  several  meters  downstream,  lhe  fireball  would  sometimes  then  ignite  the  pool  tuel  on  the 
ground  The  pool  fuel  lire  would  then  spread  rapidly  due  to  the  airsl ream-whipped  surface  air.  (loner 
ally,  the  pool  lire  would  progress  on  the  ground  toward  the  wing  apparatus.  Heat  Irotn  the  progressing 
pool  fire  would  then  ignite  the  antiniisting  fuel  in  the  airstream  above  the  lire.  The  heat  intensity  ot  the 
pool  tire  was  obviously  much  greater  than  that  of  the  propane  torch.  Such  a chain  ol  events  was  not 
judged  as  a failure  for  the  antiniisting  agent  to  so! (-extinguish  luel  lire  unless  the  ait  toil  was  engulted 
by  lire  Had  the  propane  torch  been  replaced  with  a heat  source  equivalent  to  a developed  pool  tire  utidet 
the  airfoil,  it  is  probable  that  all  tests  would  have  resulted  in  failure  of  the  antiniisting  agent  to  suppress 
tire  On  the  other  hand,  such  a heat  source  may  be  unrealistic  tor  a survivable  airciatt  etaslt  landing 
ll  is  pointed  out  that  the  intrinsic  failure  envelope  could  also  be  a t unction  ot  antiniisting  agent  storage 
life,  height  of  the  airfoil  above  ground,  fuel  dump  density  rate,  air  humidity  , gtoutid  temperature,  etc. 


CONCLUSION 

I M-'t  antiniisting  agent  m 0.3'  . to  0.5'T  concentration  in  Jet  A fuel  is  etlective  in  suppressing  the  tueball 
that  so  often  results  from  severe  tuptutes  of  wing  luel  tanks  during  impact  survivable  airciatt  crashes 
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FIGURE  10.  Temperature  Time  Response  of  Thermocouples  Located  in  the  Vicinity  of  Airfoil. 


KIGKRF  I ’.  Flame  propagation  of  neat  Jet  A approximately  one-half 
second  after  torch  ignition,  test  no.  1°  (no  FMl),  air  veloeilv  - 147  knots, 
fuel  volume  - 1°0  litersl. 


Kir.l  K K It'.  Flame  propagation  of  neat  Jet  A approximately  one  second 
after  torch  ignition,  test  no.  1°. 
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ctiveness  Envelope  for  FM-9  in  Jet  A. 


